Electron diagnostics based on electron-neutral atom (e-a) bremsstrahlung in the UV and visible range emitted from atmospheric pressure plasmas is presented. Since the spectral emissivity of the e-a bremsstrahlung is determined by electron density (n e ) and mean electron temperature (T e ) representing the Maxwellian electron energy distribution, their diagnostics is possible. As an example, emission spectra measured from capacitive discharges are presented, which show good agreement with the theoretically calculated emissivity of the e-a bremsstrahlung. For a single pin electrode nanosecond-pulsed plasma jet (n-PPJ) in argon, we investigate the electron properties and the temporal behavior of the positive streamers. Streamers with many branches are clearly observed inside the dielectric tube, while a few main streamers propagate outside the tube along the jet axis. A two-dimensional (2D) measurement of the time-averaged T e distribution was developed using a commercial digital camera and optical band pass filters based on the emissivity ratio of two wavelengths of the e-a bremsstrahlung. The viable measurement range of T e is 0.5-7 eV for the choice of two wavelengths of 300s and 900s nm and 0.5-4 eV for two wavelengths of 400s and 900s nm, which are uncontaminated by the atomic and/or molecular spectra. The 2D T e distribution obtained using 514.5 and 632.8 nm emissions helps to reveal the role of electrons in streamer characteristics in the argon n-PPJ. Time-averaged T e of 2.0 eV and 1.0 eV inside and outside the tube, respectively, were measured. The streamer dynamics of the n-PPJ is shown to be dependent on T e .
Introduction
Atmospheric pressure plasmas have been actively explored in fields ranging from microstructure to large-scale applications because of their wide potential as reactive plasmas [1] [2] [3] [4] [5] [6] . In the past, most studies have focused on the development and optimization of the plasma to enhance the production yield of chemical species for specific utilizations or on empirically discovering new phenomena through parametric studies and direct characterization of the plasma [7] [8] [9] [10] . Alongside the practical approach, it is also important to understand the underlying fundamental physics and chemistry of the produced plasma, which is only possible through obtaining detailed information about the plasma properties.
electrons, including electron density (n e ) and temperature (T e ), is particularly crucial for understanding plasmas since the chemical and physical reactions induced by the plasma are mostly governed by electron kinetics. The application of atmospheric pressure plasmas mainly relies on reactive species of the plasma, which are strongly related to electrons. Along with the ionization of neutral gases, the formation of reactive chemical species such as oxygen-and nitrogenrelated species is initiated by direct electron impact reactions. Moreover, the reaction rates of electron impact reactions involving excitation, ionization and dissociation are dependent on T e . Consequently, the information on electrons is particularly valuable and indispensable in order to elucidate unrevealed discharge mechanisms and phenomena in atmospheric pressure plasmas. Among the variety of configurations of atmospheric pressure plasmas, much attention has recently been paid to jet plasmas due to their unique advantages from the point of view of applications. However, determining diagnostics for jet plasmas has often proved difficult due to reasons such as their 3D configuration and small size, etc. Some groups have recently attempted to investigate the electron properties of atmospheric pressure plasma jets by means of diagnostics such as Thomson scattering and millimeter (mm) wave interferometry [11] [12] [13] . Gessel et al [11] found that n e varied in the range of (0.5-3.0) × 10 14 cm - 3 and T e of the order of 1.2-2.5 eV for their plasma jet device (14.5 MHz modulated with a 20 kHz pulse with a 20% duty cycle, pin-plate type). They also explained that the electron properties are significantly influenced by the gas composition, gas flow rate, dissipated power and device geometry. In an argon direct current (dc) microplasma, the plasma parameters were measured to be n e = (6 ± 3) × 10 13 cm -3 and T e = 0.9 ± 0.3 eV for the pressure range from 300 to 700 Torr [12] . Lu and Laroussi [13] carried out a study on the variation of n e and T e depending on time in a helium dielectric barrier discharge operated by a low frequency high voltage pulse by employing a millimeter-wave interferometer.
Although the aforementioned Thomson scattering and millimeter-wave interferometry diagnostics are well established and useful, they usually require costly and complicated instruments and also some experimental challenges are entailed, particularly for atmospheric pressure plasma jets. In addition, many diagnostics actively used for low temperature, low-pressure plasmas may be of limited use for atmospheric pressure plasmas. A good example is electrical probes such as Langmuir probes that have to be equipped with a highly collisional sheath theory for them to be utilized for atmospheric pressure plasmas. In this regard, emission spectroscopy has become one of the most commonly used diagnostics. The spectral broadening width of the H α and H β line spectra contains an informative quantity for n e measurement [14] and the ratio of line intensities is related to n e by the collisional-radiative model [15] . Care should be taken with these diagnostics as well since the former method is only valid at ≳ n e 10 13 cm
and the latter relies on accurate reaction cross section data. The lack of data or incorrect reaction constants lead to inaccurate measurement results.
The electron diagnostics adopted in this work is briefly summarized in the following section, with the basic principle being the bremsstrahlung due to the collision between an electron and a neutral atom. In addition, other possible continuum radiations in atmospheric pressure plasmas are also discussed. In section 3, the set-up for the nanosecond-pulsed plasma jet (n-PPJ) experiment is presented. Section 4 is devoted to the results of n e and T e measured in an argon n-PPJ, showing two distinguishable plasma regions whose discharge characteristics are very different. Unlike the continuous and luminous plasma regions observed in time-integrated images shown like diffusive plasmas, a single, thin streamer and many branches that were generated and propagated with random behavior appeared in the nanosecond-resolved images. Also, a novel technique for measuring a two-dimensional (2D) T e distribution using a commercial digital camera and interference filters is described in detail.
Continuum radiation and electron diagnostics for atmospheric pressure plasmas
Continuum radiation is emitted from various ionized gases, such as high temperature fusion plasmas, low temperature processing plasmas, shock heated gases and stellar atmospheres, with photon energies in the eV to keV range. Since the emitted photons are related to the plasma parameters, continuum radiation has been used as a diagnostic method in plasma science; a good example is the Z eff diagnostics for fusion plasmas. Not only ions but also neutral atoms induce continuum radiation by interacting with incoming electrons. According to our calculations [16] , the dominant contribution to the continuum radiation in the UV-visible range in weakly ionized plasmas where the degree of ionization is low ( < − n n / 10 e a 4 where n a is neutral atom density) is the bremsstrahlung caused by deceleration of a free electron by the induced field of a neutral atom (neutral bremsstrahlung), rather than electron-ion bremsstrahlung or recombination radiation.
Neutral bremsstrahlung
There are two major continuum radiation mechanisms caused by electron-neutral collisions in atmospheric pressure plasmas [17, 18] . The first is neutral bremsstrahlung and the second originates from the time-dependent dipole moment of the neutral atom induced by the incident electron. According to [18] , the ratio between the two radiation powers − − S S / di br , where − S br and − S di are the radiation powers of bremsstrahlung and induced dipole radiation, respectively, is only 0.7% for hydrogen and less than 8% in most cases, which indicates that the major contribution is due to bremsstrahlung.
A detailed description of the emission coefficient of the electron-neutral atom (e-a) bremsstrahlung can be found in [16, 19] . The emissivity of the e-a bremsstrahlung is expressed as 
where hν, E, h, c, λ and m e are the emitted photon energy, the electron energy, the Planck constant, the speed of light, the emitted photon wavelength and the electron mass, respectively. Due to the high electron collision frequency at atmospheric pressure, the electron energy distribution function f (E) can be assumed to be Maxwellian. 
where
) ( / ) ea 5/2 e 3/2 . For other gaseous discharges, Q ea mom for the corresponding gases is needed, which for He is found in [22] . As expressed in (4) , T e determines the spectral distribution of the neutral bremsstrahlung while n e determines the absolute emission intensity. Shown in figure 1(a) are the spectral distributions of ϵ ea from (4), normalized at 400 nm for the sake of comparison, with different T e values. It indicates that T e can be determined by comparing the spectral distribution of the measured continuum radiation with that of the theoretical ϵ ea presented in (4) . Furthermore, T e can be estimated more simply from the intensity ratio of two representative wavelengths. Figure 1(b) shows T e as a function of the ratio of the emission intensities at 514.5 and 632.8 nm.
Continuum radiation other than neutral bremsstrahlung
Along with the bremsstrahlung originating from interactions between electrons and ions or atoms, certain diatomic molecules also emit continuum radiation through typical emission processes caused by their interesting potential profiles [23] . If the transition probability is high enough in the UVvisible range and if a high concentration of radiators exists in the plasma, these continuum radiations can also be detected with an intensity similar to ϵ ea . Therefore, other sources of continuum radiation should be taken into account to separate the neutral bremsstrahlung from the measured spectrum. The corresponding emissivity ϵ M is presented in terms of population density
p v of the upper state p and the spectral distribution of the spontaneous emission transition probability
where hc / λ is the photon energy and ν′ is the vibrational quantum number. A hydrogen molecule (H 2 ) is one of the well-known radiators that emits continuum radiation in the UV range [23, 24] . In an argon plasma, the excitation of the ground state hydrogen molecule Σ X 1 g + to the Σ a 3 g + state is caused by Ar Penning excitation rather than direct electron impact:
In this case, the H 2 radiative dissociative continuum radiation is caused by the spontaneous transition from the upper bound electronic state Σ a H ( ) 2 3 g + to the lower repulsive state
+ (see [24] and references therein), i.e. The contribution of the H 2 dissociative continuum spectrum in an argon plasma is presented in figure 2 (b), which will be discussed below.
As in the case of dissociative radiation by hydrogen molecules, the helium molecular ion ( + He 2 ) also has a repulsive potential profile. [25] . In a helium atmospheric pressure discharge, metastable helium P He (2 ) 3 is readily excited by the direct impact of an electron and is also produced by the de-excitation of S He (3 ) 3 . Thus, the presence of P He (2 ) 3 is easily noticed in the helium atomic line at 706.5 nm, (2 ) (706.5 nm) . 
It is then dissociated to a neutral helium atom and an ion. In addition, according to [26] , ion-atom radiative collisions contribute significantly to continuum radiation in weakly ionized helium discharges with low electron temperature:
(12)
Mihajlov et al [26] theoretically calculated spectral coefficients for continuum emission due to ion-atom recombination and radiative charge exchange and compared those results with electron-ion and electron-atom bremsstrahlung spectral coefficients. The results in [26] show that the contribution of the ion-atom radiative collision depends on electron temperature, and this should not be neglected in low temperature helium plasmas in the range of 400 ≤ λ ≤ 800 nm.
In the following, we present two examples of atmospheric pressure plasmas showing continuum radiation in a parallel plate type capacitive discharge configuration, the details of which are found in [16] . The measured emission spectra obtained from the helium and argon capacitive discharges are presented in figure 2. In the helium discharge shown in figure 2(a), the theoretical ϵ ea (blue curve) matches well with the measured spectrum ϵ m (dots), producing T e = 2.5 eV and n e = 8.7 × 10 10 cm -3 . In this particular plasma, the contribution from the aforementioned + He 2 continuum radiation does not seem to be significant. However, our experiments with helium micro jet plasmas show that the contribution of + He 2 continuum radiation is noticeable in the measured spectrum. As opposed to the helium plasma, a significant discrepancy between ϵ ea (blue curve) and ϵ m (dots) is revealed below 500 nm in the argon discharge spectrum, as plotted in figure 2(b) . It is also demonstrated in the figure that superposition of the two continuum spectra shown as the red curve, i.e. ϵ ea (blue curve) and the H 2 radiative dissociative continuum ϵ H2 (green curve) given in (5), fits well with the measured ϵ m . The T e and n e yielded by the neutral bremsstrahlung ϵ ea are 2.5 eV and 6.3 × 10 11 cm -3 , respectively. It is noted that the hydrogen molecules can be produced by the dissociation of water molecules, and the possible sources of the water molecules are the chamber wall and water impurity in the supplying gas. The effect of H 2 in an argon discharge was also demonstrated using two admixed gases, Ar + H 2 and Ar + H 2 O, in [16] . In summary, continuum radiation other than neutral bremsstrahlung should be also considered, particularly + He 2 continuum radiation for helium plasmas and the H 2 radiative dissociative continuum for argon plasmas.
The experimental set-up for a n-PPJ and data treatment for T e measurements
Along with the measurement of T e and n e in the parallel plate type capacitive discharge configuration where the plasma can be simplified as 1D, the same diagnostic technique was applied to a nanosecond-pulsed argon jet plasma where a 2D time-averaged T e distribution was obtained based on spectrally resolved plasma images and neutral bremsstrahlung. Figure 3 (a) depicts a schematic of the argon jet plasma set-up in the experiment. Argon gas of 99.9% purity was supplied at a constant flow rate of 1 standard liter per minute (slpm) through a fused silica tube with an inner diameter of 3.5 mm. A copper wire inserted tightly into a dielectric tube was used as a powered electrode. A positive high voltage dc pulse (5.7 kV, 300 ns pulse width with 10 kHz repetition frequency) was provided to the electrode by a high voltage dc power supply (AU10P-220, Matsusada Precision) that was connected to a pulse generator (PVX-4110, Directed Energy). A metal plate covered by a 1 mm thick alumina plate placed on a table was used as a ground electrode. Two synchronized trigger signals provided by a function generator (33512B, Agilent Technologies) were supplied to a pulse generator and to an intensified charge-coupled device (ICCD) camera (PI-MAX2, Princeton Instruments) that produced temporally resolved plasma images. A MAYA2000 Pro (Ocean Optics) spectrometer combined with an optical fiber (F600-UVVIS-SR-2, StellarNet) was used to obtain plasma emission spectra. Radiometric absolute calibration of the relevant instruments along the optical path was performed using a halogen and deuterium lamp (DH-2000-CAL, Ocean Optics), and five repeated calibrations produced less than 0.1% error in the UV and visible range. Based on the error value, the error in electron temperature was calculated to be less than ±0.2% in the T e = 1.0-3.0 eV range.
Experimental set-up

Treatment of the plasma images for 2D T e measurement
Time-integrated plasma jet images were obtained using a digital single-lens reflex (DSLR) camera (Canon EOS 500D). The leftmost two images presented in figure 3 (b) were taken with a 1/10 s exposure time and international standardization organization (ISO) 800. To the naked eye, the plasma jet looked like a stable, luminous column. The other three images are the spectrally resolved plasma emission of a 20 min exposure taken with optical band pass filters with center wavelengths (λ c ) of 514.5, 632.8 and 700.0 nm. The 514.5 and 632.8 nm wavelengths correspond to e-a bremsstrahlung emitted from the plasma and the 700.0 nm wavelength corresponds to an argon atomic line.
Normally, most commercial digital cameras provide fully processed data from the image sensor (complementary metal-oxide-semiconductor (CMOS)), that is, images which are ready to be printed. To obtain untreated pixel values of emission intensity, raw image files, which are not processed by the camera itself for demosaicing, white balance, contrast adjustment, etc, were saved and used in this work. Moreover, in order to conduct precise measurements, dark frames induced by the thermal motion of electrons and stray electrons were subtracted in all obtained raw images. Even if the absolute radiometric calibration of each pixel is not necessary, the spectral sensitivity of the detector should be calibrated in advance to determine the spatial distribution of T e . Thus, flat-field correction is a key requirement for accurate measurements, so flat-field images were also obtained by measuring the cathode-ray tube monitor with an opal diffuser glass placed in front of the camera lens. All optically filtered images presented in this paper were taken with ISO 800 and a 20 min exposure. To measure the continuum radiation emitted at two different wavelengths, optical band pass filters, which have center wavelengths at λ c l = 514.5 nm and λ h c = 632.8 nm and a full width at half maximum (FWHM) of transmittance (λ FWHM ) of 1.5 nm, were used. The λ FWHM of 1.5 nm is enough to measure the intensity ratio, and the two interference filters have sufficiently high transmission properties at the wavelengths of interest and sufficiently high optical density at the other wavelength region. However, an error can be caused by the imperfect characteristics of the interference filter. In general, most interference filters are designed for incident light at a normal angle of incidence, where the surface of the filter is perpendicular to the light path. Because the center wavelength will be shifted to the lower wavelength and the shape of transmittance will be modified for non-normal incident light to the filter, it is unreasonable to expect an accurate measurement. In our case, the area of interest and the size of the iris are much smaller than the lens focal length so that the incident angle is within one degree. Therefore, the error induced by the angle of incidence was neglected. If the T e of large plasmas is to be measured, only perpendicular light should be considered by using a relevant optical system such as a two plano-convex lens system.
Another issue to consider when using a digital camera for plasma images is the color filter array placed right in front of the sensors. A color filter (called a Bayer filter) consisting of an alternating arrangement of color with one red, one blue and two greens (RGB) is installed in most commercial digital cameras. Because each color filter has a different spectral transmittance in the visible range, different intensities are obtained through different color filters: e.g. an emission at 632.8 nm cannot be detected by pixels placed behind the blue filters. For this reason, we split the RGB pixels from the raw images using IRIS software [27] and only blue and red pixels were used to obtain 514.5 nm and 632.8 nm emissions, respectively, because the transmittances of these two filters are quite similar at 514.5 nm and 632.8 nm [28] . As seen in figure 2(b) , wavelengths ranging from 500 to 650 nm are suitable for measuring e-a bremsstrahlung, especially in atmospheric pressure argon discharges.
The dynamics of the nanosecond-pulsed argon plasma jet and its electron temperature distribution
In this section, we discuss the streamer dynamics of the nanosecond-pulsed argon jet plasma based on the temporally resolved plasma images and its 2D time-averaged T e distribution obtained using the neutral bremsstrahlung spectra.
Streamer dynamics
When a high voltage is applied to sharpened electrodes, electron avalanches caused by a highly built-up electric field occur and streamers are generated in the vicinity of the anode through the avalanche-streamer transition. Since the streamer is one of the most important phenomena at the first stage of gas breakdown, many papers have reported the mechanism and characteristics of the streamer under different operating conditions of corona discharges in the air as well as in other noble gases [29] [30] [31] . In order to investigate the discharge characteristics of the argon n-PPJ within the time interval of the pulse width, the plasma emission images were taken using the ICCD camera with an ultra-short gate width. Nanosecond-resolved sequential images with gate widths of (a) 5, (b) 50 and (c) 5 ns with 2000 shots accumulated are presented in figure 4 . The time interval between the adjacent images is 10 ns. As shown in the leftmost single shot presented in figure 4(b) , electron avalanches exhibit streamer formation in the vicinity of the pin electrode in the two opposite directions toward each sidewall of the dielectric tube and immediately approach the wall. The space charge layer on the dielectric wall, mainly consisting of accumulated electrons, acts as a cathode, so streamers easily propagate to the sidewall due to the high electric field and the high concentration of seed electrons. Figure 4(c) , which presents 2000 accumulated images, indicates the time-averaged streamers and branches. Unlike the high current streamers commonly observed in capacitive discharges and dielectric barrier discharges [32, 33] , streamers and branches are generated with fully random behavior in an argon n-PPJ, which means that there is no memory effect from deposited or space charges. It is easy to see that the streamer mainly starts from the sidewall of the dielectric tube and both streamers and branches are uniformly produced, on average. For this reason, we can consider the argon n-PPJ as quite a repetitive and uniform plasma jet for the order of 200 ms (i.e. accumulation of 2000 times multiplied by a 100 µs discharge period).
For quantitative analysis, some images recording informative characteristics were chosen and are shown in figures 4(d) and (e). In figure 4(d) , the white arrows indicate the streamer head and streamer channels outside and inside the dielectric tube. After the streamer head propagates far from the tube exit, the streamer channel (denoted by '2') just behind the streamer head ('1') decays faster than that inside the tube. This is because argon metastables are easily quenched by nitrogen and oxygen molecules due to the presence of air impurities outside the tube [34] . As the chances of de-excitation of argon excited states are increased, two-step ionization ( * + → + ) reactions become reduced, which makes maintaining the luminous streamer channels difficult. In addition, electrons are likely to lose their energy to gas molecules that have significant rotational and vibrational states. On the other hand, electrons gaining sufficient energy and excited argon atoms are barely quenched by impurities inside the tube due to the low concentration of air molecules. This can explain why the emission intensity of the streamer channel ('3') inside the tube remains high after the streamer head leaves the tube.
Another remarkable phenomenon in the argon n-PPJ is the different appearance of discharge structures consisting of streamers and branches in the regions inside (region I) and outside (region II) the dielectric tube, as indicated in figure 4 (e). It is shown that the number of branches in region I is much larger than that in region II. Moreover, featherlike branch structures are clearly observed in region I. As investigated in previous reports, branching is caused by the electrostatic repulsion of two parts of the streamer head or the instability of a nonstandard streamer to the standard one (see [35] and references therein). The different behavior of branching in regions I and II is caused by the following two facts. First, in an inhomogeneous external field, a localized electric field induced by space ions in front of the streamer head can be distorted, and it is possible for electron avalanches to occur in all directions. Dispersedly built-up electron avalanches develop into branches and are not merged into a single streamer due to the repulsive force. Another reason is the low value of the stability field, which is the lowest value for stable propagation [36] , in region I. The strengths of the stability field for argon and air are quite different, i.e. 5 kV cm -1 for air and 0.4 kV cm -1 for argon [36] . Due to diffusion and convection of air in region II, a much higher stability field is required. Second, we can imagine that the initial background electron density in region II is much lower than that in region I because electrons produced by streamers and branches in the previous discharge period are quickly reduced in region II by oxygen molecules that have high electron affinity. In addition, the size of the streamer head increases as the streamer approaches the ground electrode. This phenomenon is explained in [37] . Figure 5 depicts the line-integrated absolute intensity emitted between the ends of the electrode and the dielectric tube, i.e. from the central area of region I. In the spectrum, molecular bands of
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and
g are dominant below 450 nm, and many Ar I and O I atomic lines are located beyond 650 nm. The theoretically calculated ϵ ea , by setting T e = 2.5 eV and n e = 1.9 × 10 9 cm -3 , denoted by a solid blue curve, matches the experimental ϵ m well in the range between 450 nm and 635 nm, suggesting that this wavelength range can be utilized for T e determination. It is noted that the aforementioned hydrogen dissociative continuum does not seem to be important in the 450-635 nm range. As discussed for figure 1(b), two particular wavelengths of 514.5 and 632.8 nm were selected and their intensity ratio measured by the combination of a DSLR camera and interference filters was used to find the 2D T e distribution of the plasma. However, as discussed in section 2.2, any emission other than neutral bremsstrahlung originating from other neutral atoms and molecules would lead to an incorrect determination of T e and should be taken into account. Due to the low emission intensities at short shutter times, we instead obtained the time-averaged T e as presented in figure 6 . The emission intensities of the continuum radiation at 514.5 nm and 632.8 nm are shown in figures 6(a) and (b), respectively. Each intensity distribution was produced by averaging ten images to reduce the random noise in the measurements. The highest intensities in both images are shown in the vicinity of the powered electrode, which is the starting point of streamers due to the localized high electric field. As already discussed for the time-resolved images in figure 4 , a high emission intensity is obtained at the edge of the argon n-PPJ plume since streamers propagate from the dielectric wall to the ground electrode through the argonair boundary. The time-averaged T e distributions, obtained after the image processing discussed in section 3.2, are shown in figure 6(c) . The electron temperature inside the dielectric tube is above 2.0 eV, whereas T e outside the tube is 0.5-1 eV. However, T e becomes higher at the end of the plasma plume due to the significant voltage drop near the ground electrode. It is worth noting that the T e result at the bottom may be less accurate due to the reflection of the plasma emission by the alumina plate.
In order to perform a qualitative analysis, we studied the criterion of the background electron density for branching as a function of T e and electric field. If the number of initial background electrons is higher than unity within the diameter of the streamer head, multiple avalanches can be developed into branches. This is expressed as [35] 
where R and n e b are the radius of the avalanche head and the number density of the background electrons, respectively. From [37] , R is given as = R D t e crit , where D e and t crit are the electron diffusion coefficient and the critical time for transition from avalanche to branch. Then, n e b , which is the criterion for the generation of branches, is given as 
where e, μ e , z crit , and E 1 are the electron charge, electron mobility, the critical length of the ionization-streamer and the electric field strength, respectively, and the Einstein relation
kT e / e e e ) was used. Here, we assume that z crit is similar to the ionization length (α −1 ) where α is the first Townsend ionization coefficient and the ionization length is almost equal to the maximum R, which is of the order of millimeters. Using (15) the criterion for branching determined by the initial electron density is presented in figure 7 . We used z crit = 500 µm for the calculation. At a constant value of the electric field, n e b for branching decreases with T e . Because the electric field induced by space ions in the streamer head is almost unchanged in both regions I and II, the criterion should only be determined by T e . As indicated in the 2D T e distribution, n e b is relatively lower in region I than that in region II since T e in region I is higher than that in region II. Furthermore, the number density of the free background electrons is readily reduced after the streamer propagation in region II, which is noticeable in figure 4 (d), due to several reasons as discussed above. As a result, the streamer behavior and T e distribution presented in figures 4(d) and 6(c), respectively, are consistent under the branching criterion, i.e. featherlike discharge structures consisting of many branches in region I due to the high T e (low n e b ) and a couple of streamers with only a few branches with the low T e (high n e b ) in region II. Although the streamer dynamics is discussed as supportive evidence for the 2D T e profile, further investigations are needed to advance our understanding of the characteristics of the argon n-PPJ and its relationship with T e due to the lack of accurate n e b and other discharge information.
Conclusion
With a brief introduction of the electron diagnostic based on continuum radiation, the electron information for an argon n-PPJ is reported in this paper. The ratio of neutral bremsstrahlung intensities at two different wavelengths makes the determination of T e possible without the full spectrum. Based on this method, a 2D distribution of time-averaged T e was successfully investigated using a commercial digital camera combined with optical band pass filters. The choice of the two wavelengths produces different viable measurement ranges for T e , which are 0.5-7 eV with wavelengths of 300s nm and 900s nm, respectively, and 0.5-4 eV with wavelengths of 400s nm and 900s nm, respectively. The two wavelengths should be uncontaminated by the atomic and/or molecular spectra.
First, we determined the discharge characteristics of an argon n-PPJ. The generation and propagation of streamers turned out to be different inside and outside the dielectric tube. A large number of branches were generated in region I, while only one or two main streamers with a few short branches were apparent in region II. In general, based on the streamer theory previously reported, streamer and branch dynamics are determined by the background electrons that are produced by previous discharges, photoionization, or cosmic rays. Using the model explained above, the critical electron density for the generation of branches was calculated, and we found that T e plays a crucial role in discharge characteristics in the argon n-PPJ. In addition, by measuring the 2D distribution of T e , we found that the time-averaged T e is obviously different in regions I and II and affects the discharge characteristics. We hope that the relationship between electron temperature and streamer kinetics discussed in this paper provides further insight into the physics of the n-PPJ.
